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ABSTRACT
Heat treatment is a vital step in various disciplines of research and fabrication. As
the level of detail to which materials are scrutinized increase, so does our understanding of
their sensitivity to temperature. Many processes rely on precise temperature control so that
the end products exhibit properties such as crystallinity, purity and material composition
in the desired range. The presence of temperature variations during thermal treatment may
vary the quality of the product.
In this thesis, the possibility of creating temperature differences on a specimen
undergoing thermal treatment in a horizontal tube furnace under vacuum is explored. In a
furnace system where heat transfer occurs due to both conduction and radiation, it is
hypothesized that geometric, conductive or radiative parameters selected to discourage heat
flow could increase the magnitude of temperature differences on the heated specimen.
Using the help of computerized finite element simulations of a tube furnace model
undergoing a heating experiment, the role of these parameters, and ultimately the role of
conduction and radiation, in exacerbating or ameliorating these temperature differences are
assessed.
It was found that impeding uniform heat flow to the specimen causes higher
temperature differences on it. This is shown through the analysis of individual parameters
such as conductivity and emissivity of the objects inside the furnace, the rate of heating,
and the geometry of the heated sample. Wherever a design function restricted heat flow to
the specimen’s surface or through its volume, the transient thermal analysis of the process
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indicated the occurrence of higher magnitudes of temperature difference, giving merit to
the hypothesis.
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CHAPTER ONE:
INTRODUCTION

1.1 Motivation
Heat transfer is essential to innumerous processes both natural and controlled. In
areas of research dealing with heat treatment methods such as pyrolysis, the goal of the
experimentalist is to subject a specimen of interest through a predetermined temperature
pattern, most often in a spatially uniform manner. The need for flameless, fuel free,
controllable heating led to the invention of devices such as the electric tube furnace [1].
Through further stages of adaptive design, these culminated in quintessential variants such
as the standard laboratory horizontal tube furnace, which makes efficient and repeatable
heating procedures universally accessible in terms of cost, space and ease of handling.
As research involving thermal analyses and thermal fabrication methods advance,
increasing thermal precision during heating becomes warranted in the characterization of
materials. A versatile, advantageous [2] device such as the horizontal tube furnace can
control temperature in its heating zone to a relatively good extent. However, in fields such
nanofabrication [3], crystallography [4,5] and MEMS [6] to name a few, the physical
domain of the product is under such scrutiny that even minor variations in temperature
across the sample from the intended thermal process design can lead to undesirable product
properties. This necessitates the need to take a closer look at how heat transfer occurs on
and within heated objects. While the phenomena of conduction, convection and radiation
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are well researched, their combined influence in characterizing thermal patterns on a body
placed in a tube furnace in a given configuration are oftentimes overlooked. In some cases,
a sample undergoing heating or cooling may be at a disadvantage to follow up closely with
the temperature reported by the furnace, leading to insufficient heating. In others, there
may exist significant temperature differences within the sample itself, resulting in
inconsistent thermal treatment across the sample. These may manifest as structural
deformation [7-11], irregular mass transfer [12], inconsistent chemical reactions [13] or
irregular microstructure [14,15] depending on the purpose of the product.
Temperature differences within a sample can exist on many accounts. For one,
heating methods such as conduction take time to heat a target body. Heating via thermal
radiation requires good exposure between the target surface and the source surface to be
efficient [16]. The presence of vacuum or gas flow in the environment completely changes
the influence of convection [17]. While it may be impractical to micromanage every
instance of heat transfer, mapping their role in the causation or prevention of temperature
differences may be a prudent way forward to achieving better command over temperature
in experiments.
The objective of this thesis is to assess the effects of conduction and radiation in
creating temperature differences during controlled thermal treatment of a sample in a tube
furnace under vacuum. A model of a horizontal tube furnace where a sample is heat treated
is simulated to undergo a transient thermal process, and finite element analysis is employed
to observe how parameters related to radiation, conduction and surface area contribute to
thermal variations on the sample. The purpose behind this objective is to increase
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awareness in the scientific community about frequently unaccounted thermal discrepancies
incurred in such experiments that may lead to undesirable resultant chemical and
mechanical properties as well as unaccountable side effects.

1.2 Literature Review on the Relevance of Temperature Differences
Pyrolysis, the anaerobic thermal treatment of materials, is an extensively employed
technique with applications in decomposition [18-21], material enrichment [22,23],
additive manufacturing [24], material strengthening [25], extraction [26] and purification
[27]. Many of these applications demand close monitoring and control over temperatures,
heating rates and gas flow rates, increasing the dependence on flameless, precisely
controllable devices such as the electric tube furnace [28]. Experiments on the synthesis of
char for organic materials, as well as biochar for proposed biofuels, have demonstrated that
both temperature and heating rates have significant impact on the ratio of carbon, volatile
matter and ash present in the product [29]. The effect of temperature in the pyrolysis of
organic matter has also been shown to influence the yield of fixed carbon and affect gross
calorific value [30], both being crucial to its potential as fuel. Pyrolysis of precursors to
derive activated carbon for its adsorptive properties is also highly reliant on temperature in
order to modify pore structure and surface area for suitable adsorption [31].
Pyrolysis is also used to carbonize selected materials with the expectation of
retaining the geometry of the precursor sample, while also benefitting from mechanical,
thermal and electric properties of the carbon product. One such application lies in the area
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of microfluidics concerning Dielectrophoresis (DEP), a phenomenon whereby a particle
experiences a force when a non-uniform electric field is applied on it. The 3D electrodes
required for some of these high throughout DEP experiments are fabricated by the
photolithography of carbon precursors and their subsequent pyrolysis [32], which
necessitates the retention of the photolithographed shape through the carbonization
process.
In addition to a multitude of laboratory scale research efforts invested in optimizing
carbonization of organic materials and characterizing biomass, several studies are directed
at improving the understanding of thermal effects on inorganic materials such as cements
[33] and clays [34]. One commonly adopted approach in many of these ventures involves
the preparation of pyrolyzable samples at such scales that are easily accommodated in
laboratory furnaces, a universal and versatile source of temperature manipulation and
control for research purposes. Certain literature reviews have shown that inaccuracies in
reporting experimental conditions such as temperature have contributed to a wide
numerical spread in reported observations [35], even when it comes to the replication of
experiments. Some authors have already brought to light the notion that inconsistencies in
observation arise from the inability of the bulk of the heated sample to evenly attain the
temperatures of the reactor [36] during electric furnace heating. The presence or absence
of gas flow and the ability of the fluid atmosphere to transfer heat, or lack thereof, have
also been demonstrated to significantly alter inferences such as pyrolytic weight loss in
polyimide membranes [37]. The capability of temperature sensors to report readings vary
drastically in thermal analysis due to factors such as quality of the instrument, proximity
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of the sensor to the sample, configuration of the heating setup and the added non-linear
influence of heating modes such as conduction and convection. These discrepancies make
it difficult to incorporate results obtained from Thermogravimetric Analyses (TGA) and
Differential Thermal Analyses (DTA) conducted using specialized devices such as
thermogravimetric analyzers, pyrolyzers and calorimeters into further experiments
employing traditional furnaces. Studies have also highlighted the considerable sensitivity
of experiments to their thermal recipes in determining final parameters post pyrolysis, some
examples being factors such as porous volume and Brunauer–Emmett–Teller surface area
[38], crystallinity [39] and composition [40].
Figure 1 consists of examples taken from literature which demonstrate some of the
effects that temperature can bring about in pore density [41], weight loss pattern [42] and
product composition [43]. It can be seen that a small change in temperature of 50oC from
due to a modified design decision may bring about drastic changes in product properties.
For example, in the case of pore density of activated carbon adsorbent obtain from teak
sawdust undergoing heat treatment with an activation time of 5 hours as shown in Figure
1A [41], the difference in pore density between an area exposed to 850oC and another area
achieving only 800oC is approximately 25%, which may hamper the objective of
maximizing pore volume for better adsorption. In the thermogravimetric analysis of
polymer resins [41], it is observed that approximately 65% weight loss occurs within a
temperature range of only 40oC for some polymers. These observations merit further study
on how temperature differences occur and may be controlled in thermal processes.
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Figure 1: Examples of the effects of temperature in pyrolysis experiments. A) Pore volume
of activated carbon vs activation temperature from: Ismadji, S., et al. "Activated carbon
from char obtained from vacuum pyrolysis of teak sawdust: pore structure development
and characterization." Bioresource technology 96.12 (2005): 1364-1369. B)
Thermogravimetric analysis of phenolic condensation polymers from: Lee, Lieng‐Huang.
"Mechanisms of thermal degradation of phenolic condensation polymers. II. Thermal
stability and degradation schemes of epoxy resins." Journal of Polymer Science Part A:
Polymer Chemistry 3.3 (1965): 859-882. C) Product yield composition from solid waste
against pyrolysis temperature from: Demirbaş, Ayhan. "Relationships between
carbonization temperature and pyrolysis products from biomass." Energy exploration &
exploitation 22.6 (2004): 411-419.
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1.3 Hypothesis:
The following hypothesis is proposed for testing:
When a specimen undergoes heat treatment in a tube furnace under vacuum, the
magnitude of temperature difference inside the specimen increases when conductive,
radiative or geometric properties obstruct heat transfer.
The primary mode of heat transfer in a tube furnace is thermal radiation [44].
However, heat propagates through solid structures by conduction. Additionally, having a
gas flow inside the furnace sets up heat transfer through convection. In the case of heating
under vacuum, convective heat transfer is negligible. One reason why thermal variations
may arise is because heating is not an instantaneous phenomenon. The amount of energy
thermal received by a body is limited by factors such as thermal conductivity and thermal
emissivity. The time taken by the surface of a body to attain a certain temperature in the
present of a heat source is much faster than the time the center of the body would take. The
effect would be more pronounced in larger volumes and in cases where the surface area
available for heat flux is limited. Geometric constraints also affect radiation, which is a
surface phenomenon. A surface facing away from a radiative heat source would receive
less heat than a surface that is directly exposed to it. Additionally, only a theoretical black
body can absorb all the radiation incident on it without reflection or transmission.
Apart from the limitations thus imposed by thermal and volumetric properties, the
spatial arrangement of objects in a furnace also contributes to disturbances in heat
propagation patterns. Due to the presence of gravitational force, any sample in a horizontal

7

tube furnace would have to be placed in contact with the tube, either directly or through an
intermediate object like a tray. Even if the sample is geometrically symmetric about any
plane, the surfaces are now not subjected to uniform heating. An additional mode of
conduction is also introduced between the tube, the sample and the tray. The contacts
between the tray and the tube as well as that between the tube and sample are also not fixed,
resulting in different configurations for conduction.
No real system can be made to be thermodynamically isolated. There always exists
the loss of either matter or energy to the surroundings. The tube furnace is no exception.
Insulation encompassing the central portion of the tube along with the heating elements
restricts the amount of heat dissipated from this region of the system. However, the ends
of the tube are exposed to room temperature atmosphere, irrespective of the furnace
temperature. Heat is removed from the ends through natural convection and the tube
conducts heat to the ends to compensate for this loss. The origin of this conductive heat
transfer comprises of all bodies in contact with the tube that are hotter than the tube ends,
including the sample which is undergoing the heating process in the furnace. Again, the
arrangement of bodies inside the furnace and their thermal properties determine how heat
is lost from the sample to the colder regions.
By combining the established science behind conduction and radiation with the
effects brought about by the aforementioned geometry and arrangement of entities, there
arises the speculation that the magnitude of thermal variation in a body heat treated in a
horizontal tube furnace under vacuum is influenced by radiative, conductive and geometric
properties of the body.
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Testing of this hypothesis is carried out by using a model of a horizontal tube
furnace in which a sample undergoes a heating process. A transient thermal simulation is
performed on the model, and the effect of changing parameters related to geometry,
conduction and radiation are analyzed. By observing the effects that varying these
parameters bring about and through a discussion of their correlation to obstructing radiative
or conductive heat transfer, the hypothesis is proved or disproved. The parameters, which
have some extent of correlation to the hypothesis and are analyzed in this thesis, are given
in Table 1.

Table 1: List of parameters related to geometry, conduction or radiation which can be
correlated to the hypothesis.
Geometric Parameters

Conductive Parameters

Radiative Parameters

Conductive Surface Area –
Radiation Surface Area Ratio

Conductivity of the Sample

Emissivity of the Tray

Volume

Conductivity of the Tray

Radiative View Factor of the
Sample

Heating rate of the Furnace

Control over thermal properties of the tube are limited because they may be
classified as design features of the furnace. Thus, varying the properties of the tube is not
under the scope of this analysis. There is also a fair level of uncertainty about the thermal
emissivity of a sample as it depends not only on the material, but also its surface texture
[45]. In most cases, the material of the sample is also not modifiable for a given experiment.
Owing to these reasons, it is impractical to adjust the emissivity of the sample. However,
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the geometry of the sample is more controllable – the operator may be able to mold the
sample with different volumes or surface areas. This alters the geometric properties of the
sample such as its thermal conductivity, the fraction of the total incoming radiation that
each surface of the sample receives, and the partitioning of surface areas based on their
availability for conduction and radiation. However, the most controllable entity is the tray,
which only needs to hold the sample in place and survive the heat treatment. The emissivity
and the conductivity of the tray is easier to select. The properties listed in Table 1 were
chosen with these rationale in mind.

1.4 Background
1.4.1 Governing Equations
Conductive heat transfer follows Fourier’s Law, which states that the rate
of heat transfer is directly proportional to the thermal gradient and the cross-sectional area
perpendicular to the direction of the gradient. The heat flows in the direction opposite the
gradient. In terms of heat flux and heat transfer for specific volume, this is given by the
following equation:
=−

(i)

where q is the heat flux,
k is the thermal conductivity, and
∇T is the gradient of temperature
10

In this numerical analysis on a discretized domain, equation (i) would be represented by
the following matrix-vector system of equations [46]:
=−

(ii)

where {q} is the heat flux vector
D is the 3x3 thermal conductivity matrix,

{L} is the

operator, and

T is the temperature
Here, {L}T is a representation of ∇T, the gradient of temperature.
The system also follows the first law of thermodynamics, which states that total
energy is always conserved. In the control volume form resolved into the cartesian coordinate system, this is given by [46]:
=

+

+

+

(

"

+#

+#

where % is the rate of heat generated per unit volume,
ρ is the density,
c is the specific heat,
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+#

)

(iii)

t is the time, and
Vx, Vy and Vz are the mass transfer rates of heat in the X, Y and Z directions
respectively
In the matrix form, equation (iii) becomes [46]:
=

&

"

+ #

'+

(iv)

where {V}T is [Vx Vy Vz], the transpose of the heat mass transport velocity vector
Substituting (ii) in (iv) and re-arranging, we get [46]:
&

"

+ #

'=

(

)+

(v)

Radiative heat transfer is governed by the Stefan-Boltzmann Law, which equates
the radiative heat energy to the fourth power of the temperature of the emitting source
body. The emission depends only on the source and not the target temperature. The
equation is given as follows:
= )* +,

-

(vi)

where q is the heat flux,
ε1 is the thermal emissivity of an emitting source
σ is the Stefan-Boltzmann constant (5.67 x 108 W m-2 K-4),
A is the surface area, and
T is the temperature of the source
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Here we are interested in surface-to-surface radiation and expect that fractions of
the heat emitted from each of the source surfaces are passed onto the target surfaces
exposed to the incoming radiation. As energy is conserved, the sums of all fractions should
be equal to 1. The fraction appropriated to each target surface is called its View Factor.
Here, we represent view factor of a target surface as F1 2, the fraction of energy emitted
by the source surface 1 which is received by the surface of target surface 2. Using view
factors in radiation as analogous to conductivity in conduction, we form the area matrix
[A], constituted by the elements of the following form [46]:
,*. = /*. − (* − )* )0*→.

(vii)

where A12 is the entity of the area matrix [A] representing surfaces 1 and 2,
δ is the Kronecker delta, which ensures that radiation does not take place from a
surface to itself, and
F1

2

is the view factor of source surface 1 on target surface 2.

The heat flux form of (vi) gives us radiosity, which is the radiative flux emitted per unit
area by a surface. The matrix form derived from this representation is given by [46]:
,

=

(viii)

where [A] is the area matrix,
{q} is the heat (radiosity) flux vector for the source, and
{D} is the energy vector, ie, the heat transferred per unit area.
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Figure 2: Diagram to explain how view factor is calculated between two surfaces.

The view factor between the source surface 1 with surface area A1 and target surface
2 with surface area A2 is calculated by taking an infinitesimally small area on each surface,
shown in Figure 2 as dA1 and dA2 [47]. The distance between the two surfaces is given by
S, along a line that has an angular deviation of θ1 and θ2 from the normal to surface 1 and
normal to surface 2 respectively. Here, view factor is given by [47]:

0*→. =

*

,*

2 3
,*

,.

45 6* 45 6.
9,. 9,*
78.

(ix)

The analytical technique used by the finite element method in determining view
factor is called the Hemicube Method, which is a numerical equivalent to the double
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integration seen in equation (ix). In the hemicube method [48], a cube is placed on the
receiving surface such that the surface divides the cube into two halves. The normal of the
surface coincides with the axis of the cube that is perpendicular to the plane which sections
the cube. The upper half of the cube is split into sub cubes, each of whose position
determines how much it contributes to calculating the view factor from the source surface.
The source surface is then projected onto the hemicube, and the sum of areas of the sub
cubes covered by the projection and weighted by their respective contribution factors yields
the view factor.

1.4.2 Heat Treatment
The simulated heating procedure is similar to an established heat treatment method
for the carbonization of organic matter [49]. Carbon precursors may contain Oxygen,
Hydrogen and Nitrogen among other elements in addition to carbon. During pyrolysis in
an inert atmosphere of say Nitrogen or vacuum, these elements are removed in one or more
stages [50]. An example of a carbon precursor that would carbonize using this procedure
is the epoxy resin SU-8, a negative photoresist commonly used in microfabrication [51].
Commercial grade SU-8 can be molded by heating on a hot plate to remove organic solvent
present in the resin so that it can thermoset in the shape of the mold, hence eliminating the
requirement of a dwell period for solvent removal during furnace heating. The organic
solvent present in SU-8 resin is usually γ-Butyrolactone or Cyclopentanone. The material
obtained after eliminating the solvent is predominantly SU-8. Upon being heated to at least
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900oC, carbon of approximately 95% purity is expected to be obtained [50]. The
temperature is held at 900oC for sufficient time to let the carbonization run to completion.
Figure 3 illustrates an example of how SU-8, molded by employing soft lithography, is
converted to glass-like carbon through the pyrolysis process mentioned above [51]. This
carbonization experiment was conducted in the Multiscale Manufacturing Laboratory at
Clemson University using an Across International TF1700 horizontal tube furnace.

Figure 3: Conversion of molded SU-8 to glass-like carbon using the pyrolysis process.

However, the simulations carried out in this study employs only the aforementioned
thermal recipe being applied to a homogeneous solid sample which undergoes no change
to chemical or mechanical properties when subjected to the heat treatment. The scope of
this study is limited to the observation of temperature differences arising purely due to the
pattern of heat flux brought about by the different modes of heating in the system.

16

1.4.3 Process Parameters and Their Association with the Hypothesis
The goal of performing parametric analysis here is to see how individual factors
influence the magnitude of temperature difference on the sample, referred to henceforth as
ΔT. These factors are tied in with the hypothesis by characterizing the heat flow into or out
of the sample as geometric, radiative or conductive functions. The ΔT trends produced by
varying the values of each factor can then be compared to see how they affect ΔT. Further
explanation of how these parameters are related to the hypothesis are given below.

1.4.3.1 Parameters Related to Geometry
Geometric parameters are those related primarily to the dimensions of the sample.
This includes the surface areas on the sample and its volume.

Conductive Surface Area - Radiative Surface Area Ratio (CSA:RSA)

Figure 4: Surfaces that constitute CSA and RSA on the whole sample, highlighted in green.
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Figure 5: Aspect ratio (AR) of the sample, given by X/Y.

For a sample placed flat on a tray, Figure 4 illustrates what constitutes its
conductive surface area (CSA) and its radiative surface area RSA. The area on the bottom
surface is in direct contact with the tray and receives heat through conduction. The other
areas are exposed to radiation from radiative heat sources in the system. For a sample of
given volume, the CSA:RSA is varied by changing the aspect ratio (AR) of the sample,
which is measured as shown in Figure 5. However, it is evident from the Figure 4 that CSA
is always lower than RSA because of the presence of the surface area from the side walls
of the sample, however thin they may be. Hence, CSA:RSA will always be less than 1.

Volume & Aspect Ratio (Constant CSA)
The volume of the sample can be changed by keeping the surface area at the bottom
of the sample constant, thus varying only height. Increasing volume results in the
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domination of conductive lag inside the sample, which is under observation here. Aspect
ratio is chosen as the parameter here because it is a dimensionless representation. Change
of AR at constant volume is already explained by the analysis of effect of changing
CSA:RSA. Figure 5 shows how the AR is calculated, which is modified here by only
changing the value of X. As the AR increases up to a value of 1, the average distance
between any point inside the sample and the nearest surface increases. This means that
internal conduction inside the sample will take longer to reach everywhere. For low
conductivity and high heating rate, the temperature difference between the interior of the
sample and the surface may increase significantly as there is poor “catch up” of
temperature. When samples are packed into cubes or powdered and placed in crucibles, it
is thus important to lower the heating rate so that the interior regions can heat up
sufficiently. AR beyond a value of 1 is ignored because the effect of distance between
surface and the furthest point from the surface decreases after peaking at an AR of 1. AR
> 1 is already partially covered in the topic dealing with view factor, which alters the
orientation of the sample.

1.4.3.2 Parameters Related to Conduction
Parameters primarily related to conduction are listed here. This includes thermal
conductivity of the bodies and the heating rate. These factors determine the speed and
efficiency of conduction, especially internal conduction in the sample.
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Sample Conductivity
While samples of high thermal conductivity materials such as metals may not
undergo high ΔT due to the good rate of conductive heat distribution, samples are often
heated in powdered or crushed form and may even be of non-homogeneous nature, all of
which may obstruct thermal conductivity in a vacuum environment. The effective thermal
conductivity of substances in powdered form under vacuum has been shown to be several
orders in magnitude lower than their homogeneous solid counterparts [52,53].
The expected effects of low sample conductivity are the following:
1. Slower propagation of heat inside the sample.
2. Higher ΔT between the surface and the center.
3. Longer time to reach steady state temperature when the rate of heating is zero.

Tray Conductivity
The effect of low thermal conductivity on the tray is vastly different from the
sample. It maintains a low temperature on the bottom surface of the sample, owing to which
the maximum temperature difference will continue to be the highest between the top and
the bottom surfaces of the sample. The following effects are expected to arise due to low
thermal conductivity:
1. Delayed heating at the bottom surface of the sample.
2. High temperature lag in the sample.
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3. Longer time to achieve steady state in the absence of a heating rate.
4. Lower temperature on the bottom surface of the sample.
Unlike sample conductivity, tray conductivity will not practically achieve values
lower than 0.1 W m-1 K-1, which is lower than the conductivity of a material such as
insulating brick. The tray will usually be a continuous solid.

Heating Rate
Heating rate is the speed at which the temperature of the source raises or lowers.
When conduction inside a sample is slow, a high heating rate may create a scenario where
the temperature on the surface of the sample is vastly different from the temperature in the
center of the sample. Thermal conductivity of the bodies inside the furnace may be one of
the primary factors to take into consideration when choosing the heating rate for a heat
treatment process, where uniform heating of the sample is not hindered by the speed at
which the heating source gains or loses temperature.

1.4.3.3 Parameters Related to Radiation
Radiation depends on the thermal emissivity and the source temperature.
Qualitatively, the radiative view factor is also an important parameter which regulates heat
flow by changing the amount of heat incident on the sample surfaces.
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Tray Emissivity
Emissivity of the tray is easier to control than that of the sample by selecting a tray
made of a material to suit requirements. Emissivity, a comparison of the maximum
absorbable energy to the actual energy absorbed, is vital in deciding the temperature that
the tray can attain for a given amount of energy radiated from the source. A low emissivity
is similar to a low view factor in that the tray cannot achieve optimum temperature even at
its surface. The primary difference between emissivity and conductivity in practice here is
that while low conductivity limits the speed at which the center of the sample or the tray
attains the temperature at their respective surfaces, low emissivity results in low
temperature throughout the body. The following effects are expected due to low emissivity
of the tray:
1. Low temperature on the tray.
2. Low conductive heat flux provided to the sample.
3. No influence on the time to attain steady state temperatures on the sample in the
absence of a heating rate.
4. Low minimum temperature on the sample due to low temperature on the bottom
surface.
5. Greater ΔT due to having no impact on maximum temperature on the sample.
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Radiative View Factor
The influence of view factor in heating a sample can be better demonstrated after
removing conductive heat propagation into the sample. In order to make radiation the only
source of heat for the sample, the tray is removed, and the sample is assumed to be
levitating with centroid of the sample lying on the long axis of the tube. Two orientations
of the sample are tested, flat and upright, which correspond to low and high aspect ratio
orientations respectively. It is expected that the surfaces of the cube parallel to the tube
flanges have lower view factor per unit area than those facing the cylindrical wall of the
tube.
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CHAPTER TWO:
ANALYSIS DESIGN AND METHODS

2.1 Computer Aided Design of the Furnace System
The furnace under simulation is modelled after the TF1700 electric tube furnace by
M/s Across International. The actual device consists of 8 Molybdenum silicide heating
elements with a maximum output of 5 kW. In this arrangement, the manufacturer classifies
the central 300mm zone as the heating zone out of which 150mm constitutes the constant
temperature zone [54]. A B-type thermocouple placed outside the outer wall of the furnace
tube is used to sense temperature in the heating zone. The furnace tube is placed
horizontally in the furnace, supported by stainless steel vacuum sealing flanges on either
side. The temperature is controlled by a M/s Shimaden 40-segment digital controller, which
has a temperature adjustment precision of ±1oC. The furnace tube is a 1000mm hollow
cylinder with an outer diameter of 60mm and wall thickness of 10mm. It is made of
Alumina (Al2O3), which has a thermal conductivity of 18 W m-1 K-1 [55]. The ends of the
tube are attached to structural steel flanges which are 60mm in diameter and 5mm thick,
and have a thermal conductivity of 60.5 W m-1 K-1. Figure 6A shows the trimetric view of
the furnace with important components labelled.
The sample in the computational model has a thermal conductivity of 0.2 W m-1 K1

, chosen as such because of an initial interest in material properties similar to SU-8 [56].

The standard sample is a cuboid with the dimensions 30mm x 30mm x 2.5mm.
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Table 2: List of material properties used for objects in the model.
Equivalent Material Objects
Tray, tube

Thermal Conductivity (W / m K)Specific Heat (J / kg K) Density (kg / m^3)
18

880

3950

Flange

60.5

434

7850

Sample

0.2

1500

1200

Figure 6: A) Trimetric view of the furnace components. B) Quarter model used in the
simulation, making use of symmetry along two planes. C) Zoomed in view of tray and
sample in the quarter model.
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The sample is positioned inside the furnace using a tray with a thermal conductivity
of 18 W m-1 K-1. The tray is modelled on standard refractory dishes available commercially.
The maximum dimensions of the tray are 100mm x 40mm x 18 mm and has a uniform wall
thickness of 3.5mm. The outer base and walls edges have fillet arc radius of 3mm while
the inner base and wall edges have a fillet arc radius of 1mm. The sample is placed centrally
inside the tray such that its walls are equidistant from opposite inner walls of the tray. The
tray is in contact with the tube only along the longer rounded edges between the base and
the walls.
The material properties of each component are summarized in Table 2. The vertical
thickness of the sample is considered as a design function during the parametric analysis
to explain the thermal effects related to sample volume and surface area. 3D models were
drafted using ANSYS SpaceClaim, which is included in ANSYS v.19.0 licensed by
Clemson University. In Figure 6A, it is seen that the model is symmetric about two planes,
XY and YZ. This helps reduce the computational model to only one quarter by utilizing
the symmetry. Not only does this reduce computation time, but it also allows for direct
interpretation of temperatures from the “core” of the solid entities which constitute the
model. Figure 6B shows the final 3D model designed in SpaceClaim. Figure 6C is a
zoomed in view of the tray and the sample in this model.
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2.2 Meshing

Figure 7: Meshed quarter model showing the tube, the sample and the tray with planes of
symmetry highlighted in green.

The meshed quarter model with the two planes of symmetry, namely the global XY
plane and the global YZ plane, are illustrated in Figure 7. The details of the mesh elements
are given in Table 3. All solids except the tray are composed of 20-node SOLID90
hexahedral elements, which are used in curved geometries such as the tube walls. The tray
uses 10-node SOLID87 tetrahedral elements as the elements are highly irregular owing to
the presence of fillets on the edges. The use of these SOLID90 and SOLID87 elements
helps to provide temperature as the nodal degree of freedom as well as the output. There
are 4 contact surfaces, each of which are comprised of 8-node CONTA174 elements. The
flange-tube and tube-tube contacts are bonded whereas the tray-tube and tray-sample
contacts are frictionless. In order to enable the radiosity solver to define boundary
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conditions of radiation loads, the surfaces through which radiative emission or absorption
take place are meshed with non-programmable 4-node SURF252 elements, which receive
loads after the heat flux is calculated.

Table 3: Summary of mesh elements.
Category Entity
Sample
Solid

Contact

Element type Nodes per element Element count
SOLID90
20
64

Tray

SOLID87

10

679

Tube heated zone

SOLID90

20

120

Tube non-heated zone

SOLID90

20

280

Flange

SOLID90

20

1

Tray to sample

CONTA174

8

94

Tray to tube

CONTA174

8

39

Flange to tube non-heated zone

CONTA174

8

9

Tube non-heated zone to tube heat zone CONTA174

8

16

4

3668

Emissivity Surfaces in radiation enclosure

SURF252

An analysis of the mesh element sizes was conducted to verify how the solution
deviated with reduction in the overall number of elements by varying the element size,
which is the maximum edge length among all elements in the mesh. The percentage
deviation in solution from that of a model meshed with a maximum element size of 1mm
are plotted in Figure 8. At 0.37% deviation, a mesh with maximum element size of 10mm
was considered to be sufficiently accurate for the set of simulations.
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Figure 8: Average percentage deviation in solution incurred by changing the maximum
element size of the mesh. Deviation was sufficiently low for max element size of 10mm.

2.3 Initial Conditions, Boundary Conditions and Solver Methodologies
Simulations were performed using the Transient Thermal Analysis package of the
software ANSYS Mechanical. An ambient temperature of 25oC was used as the initial
condition. In this simulation, the thermal energy provided by the heating elements is
assumed to be capable of providing a uniform temperature across the outer wall of the
furnace tube in the 300mm heating zone. Hence, the heating elements were eliminated, and
instead, the temperature on the 300mm segment of the outer wall were controlled, even
though only 150mm of the tube is assured to achieve relatively constant temperature. As
the environment is vacuum, all effects arising due to convective heat transfer are removed.
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Table 4: Steps involved in the simulated thermal process.

1000
900

Temperature (oC)

800

900oC @
235 min

900oC

@
175 min

700
600

25oC @
600 min

500
400
300
200
100

25oC @
410 min

25oC @
0 min

0

Time (min)
Figure 9: Temperature profile of the outer wall of the tube inside the heating zone with the
time stamp of each step.
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The analysis consists of four time steps which are outlined in Table 4 and plotted
in Figure 9 with the time stamp of each step marked. The first step in the simulations
consists of raising the temperature of the outer wall of the tube within the heating zone to
900oC at a heating rate of 5oC min-1. This is followed by a dwell step, where the temperature
is held at 900oC for 1 hour. The wall is then cooled to 25oC at a heating rate of -5oC min-1.
Finally, the sample is observed in a second dwell period with the absence of controlled
heating effects on the outer wall of the tube. Sub-step size for time marching is
automatically varied by the software by checking convergence of the solution and using
bi-section method to reduce duration if convergence is not achieved. By using automatic
time stepping, the software will also determine the load increments in each sub-step by
verifying the thermal eigenvalue, decreasing the sub-step size if the eigenvalue is
undesirably large. Time integration is enabled so that the solutions includes transient
thermal effects. As the inclusion of radiative heat transfer makes this a non-linear analysis,
the software uses the full Newton-Raphson solution procedure for numerical
approximation of the roots in each sub-step.
The radiosity solver used in each step is iterative, and employs the Gauss-Seidel
algorithm, where the individual variables of the unknown vector in the system of equations
are fed for the subsequent iteration immediately upon being individually calculated in each
iteration instead of waiting till all the vector variables are computed. Thermal radiation is
taken as surface-to-surface as we are interested only on the heat flux arriving or departing
from surfaces. The default thermal emissivity for all surfaces in the enclosure are taken as
0.8 and modified as and when required. An important factor affecting the magnitude of
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radiative heat transfer is the radiative view factor, which is determined using the hemicube
method. This procedure is based on Nusselt’s Analogy which uses spherical projection of
a given surface onto the curved surface of a unit hemisphere, which is subsequently
projected cylindrically onto the base of the hemisphere. The proportion of the final
projection to the area of the hemisphere base gives the view factor. In the case of the
hemicube, the cube is centered on the surface and the portion of the cube protruding out of
the surface is used for deriving the Nusselt’s analog.
Upon solving, the values of minimum temperature, maximum temperature and
average temperature on the sample were retrieved. The maximum temperature deviation
within the sample ΔT is derived as:
ΔT = TMAX – TMIN
where ΔT is the maximum temperature difference on the sample (oC),
TMAX is the maximum temperature on the sample (oC), and
TMIN is the minimum temperature on the sample (oC)
Of further interest is temperature drop on the sample with reference to the temperature
reported by the thermocouple in the furnace, given by:
ΔTF = TFURNACE – TAVG
where ΔTF is the temperature difference between furnace and sample (oC),
TFURNACE is the temperature reported by the furnace (oC), and
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TAVG is the average temperature on the sample (oC)
The instantaneous ΔT during each time sub-step was plotted to obtain the ΔT graph,
which was used in obtaining inferences about the role of radiation and conduction for
different configurations of parameters.
Thermal conductivity, specific heat and density of the materials used in the
simulation were entered into the master engineering data file. These were defined before
the 3D model was created and the material properties were assigned. Thermal emissivity,
on the other hand, was fed when setting up the thermal analysis. Emissivity, unlike
conductivity, is applied to the model surfaces with the help of surface elements. The
volume of the sample and the ratio of the surface areas were modified with the help of
SpaceClaim and were re-imported to the analysis after alterations. Cases where the sample
was oriented differently, or where the tray was removed, were both carried out using
SpaceClaim. In all these cases, the solver calculates the view factor for the surfaces
automatically. Modifications to the heating rate were made by changing the size of the time
steps.
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CHAPTER THREE:
RESULTS

3.1 General Results and Interpretation of Observations
The first step, heating, was carried out over 175 minutes during which the furnace
temperature TF is raised from 25oC to 900OC uniformly at 5oC/min. The temperature on
the sample started to increase at the surfaces exposed to radiation. The bottom surface of
the sample is not exposed to radiation, and thus relies on internal conduction in the sample
as well as external conduction from the tray to receive heat. This means that the view factor
for the bottom surface is zero, as there is no projection of the source surfaces on the bottom
surface of the sample. Due to the greater time taken for heat transferred from the inner
walls of the tube to the edges of the tray in contact with it as well as for heat received by
radiation on the bottom of the tray to reach the surface of the tray touching the sample, the
temperature on the bottom of the sample was consistently lower than the average
temperature of the sample. This is henceforth referred to as the temperature lag, which is
the delay in temperature response induced by the combination of conduction and absence
of radiation experienced on the bottom surface of the sample. As the heating rate during
the heating step is constant and never lowered, the temperature of the bottom was unable
to “catch up” during this step. The thermal analysis images obtained from ANSYS depict
the quadrants of bodies with temperature mapped onto it on a scale from blue (coldest
node) to red (hottest node). Figure 10 on the left shows the temperature profile after 1 hour
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of heating, in which it is seen that the tray is at a lower temperature than the sample. This
is because the heat received by the tray has to get internally conducted through a larger
volume than, say, the volume of the sample. Figure 10 on the right displays the bottom
surface of the sample at the same instant, where the temperature is seen to be lower than
that at the top. The side closer to the wall of the tray is also seen to be at a lower temperature
than TAVG in Figure 10 because of the low view factor, which restricts the radiative heat
flux on this surface. These trends continue throughout the entirety of the heating stage.

Figure 10: Temperature profile on the quarter after 1 hour of heating. Furnace temperature
is 320oC. Left: Legend for temperature in the images. Middle: The tray and the sample
showing the temperature on the top surface of the sample quarter. Right: The bottom
surface of the sample quarter.

As TF reaches 900oC, the heating step is complete and the dwell period of 60
minutes commences. An isometric view of the temperature profile on the sample quadrant
is shown in Figure 11. It is seen that the ΔT on the sample is approximately 10oC at this
point of time, with the TMIN 16oC lower than TFURNACE. The temperature is highest on a
band located at the top surface, and the temperature drops towards the face closest to the
tray wall. The bottom edge of this face is at the lowest temperature.
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Figure 11: Temperature profile on the sample quadrant at the end of heating step. Dotted
lines indicate the position of the other three quarters of the samples

During the dwell period, the temperature approached a steady state in a very short
amount of time. Approximately 90% of the final dwell temperature value was achieved in
under 20% of the dwell duration. Figure 12 compares the temperature profile of the sample
at the start and the end of the dwell period. It is seen than while the average temperature of
the body rose while closing in on the steady state, there is only an overall drop of 0.5oC in
ΔT. This is the catch up of temperature on the bottom surface which was initially induced
due to the conductive temperature lag. However, the final ΔT was still at 9.5oC, whereas
ΔTF was approximately 6oC. For reference, the corresponding temperature drop on the tray
at the end of the dwell period was slightly larger, with ΔT at 17.5oC and ΔTF at 8oC. These
temperature drops and gradients existed in spite of the lowest temperature on the inner wall
of the tube in this model being as high as 899oC.
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Figure 12: Temperature profile on the sample during the start and end of the dwell step.
The thermal pattern remains the same, although the temperature range present in the sample
changes.

The predominant reason for settling temperatures of objects being lower than TF is
energy required to heat the remaining length of the tube. As all bodies in the heating zone
were then significantly hotter than the portions of the tube closer to the flanges, a net
thermal gradient took form, and all bodies in the hotter zones acted as heat sources to
transfer heat to the cooler areas of the system. The volume of the tube is larger than that of
the tray or the sample, and hence the energy required to heat the entire tube is higher.
Hence, some energy in the form of heat was lost towards the heating of the tube ends. The
ends of the tube are exposed to atmosphere, which remain at the ambient temperature of
25oC. Thus, the atmosphere took on the role of a temperature sink. The effect of heat
removal to the atmosphere would have been more pronounced if the model included natural
convection outside the system. It is thus clear that the only way to ensure that all points on
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the sample eventually attain the exact furnace temperature is to make the system thermally
closed and isolated from atmosphere, which is not an achievable design requirement.
The third step was the cooling phase, where the TF is lowered from 900oC to 25oC
uniformly at 5oC/min. As is the case with the heating step, the cooling step duration was
also 175 minutes. The sample started out with higher temperature on the top. Heat was
removed from the sample through emission from all the exposed walls as well as
conduction through the bottom surface. However, the conductive lag featured here once
again, reducing the heat flux through the bottom surface onto the alumina tray, which was
only able to remove heat at a slower rate as compared to the emission from the other
surfaces of the sample. At a certain point of time in the cooling stage, the faster reduction
in temperature on the top surface caught up with and surpassed the slower reduction in
temperature on the bottom surface, making the temperature on the top lower than the
temperature on the bottom. This is henceforth referred to as the inflection point. The tray
continued to be at a higher average temperature than the sample from there on, thus
working like a heat source. The significance of slow conductive heat removal through the
bottom is evidenced by the final TAVG on the sample during the cooling step; as TF reached
25oC, TAVG is still at 97.5oC. The heat energy transferred onto the outer areas of the tube
also conducted inwards to the heating zone, resulting in elevated temperatures long after
the furnace thermocouple achieved the ambient temperature of 25oC. Figure 13 shows the
thermal profile of the sample at the start of the cooling period, the point of inflection of
temperatures, the end of the cooling period and at 190 minutes after the end of the cooling
period. The inflection point here is seen to be close to the midpoint of the cooling step,
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when the TF is approximately 450oC, but the exact time of inflection would vary depending
on object volumes, their thermal properties and their spatial arrangement. After 190
minutes of dwell at room temperature, for an aggregate process time of 600 minutes, the
sample is seen to approach 31oC, which is close to the ambient temperature. In the actual
scenario, the ends of the furnace tube are subjected to room temperature, and natural
convection helps remove temperature from the ends, thereby reducing the heat supplied by
the ends of the tube to the heating zone during this step. However, the effect of heat removal
from the heating zone towards the tube ends during heating step is suspected to be higher
in actuality due to the same convective setup present outside the furnace, which would
further reduce the settling temperature in the heating zone.
The expected orientation of the thermal gradient can vary depending on properties,
as shown in Figure 14. In the simulation above, the points of extreme temperature on the
sample were the top and the bottom surfaces. If the thermal conductivity of the sample is
extremely low, the time taken for the core of the sample to heat up will be proportionately
larger, and this may result in an overall thermal gradient between surface and core. In
addition to the vertical alignment of ΔT, there may also be a horizontal component to the
deviation depending on the proximity of the sample surfaces to the walls of the tray.

39

Figure 13: Thermal profiles of the sample during cooling. A) Start of cooling period. B)
Inflection point when TF = 450oC. C) End of cooling period. D) 190 minutes after end of
cooing period (total process time: 600 minutes. Dotted lines in A indicate the position of
the other three quarters of the sample on all sub-figures.

Figure 14: Left: Vertical orientation of ΔT between top and bottom surfaces of the sample.
Center: Orientation of ΔT between surface and core of the sample. Right: Presence of a
horizontal component in ΔT may arise due to irregular view factor distribution.

The ΔT scatter plot graph of the entirety of the procedure for the settings mentioned
above is given in Figure 15 by the continuous black line. ΔT is shown on the primary
vertical axis against the entire duration of the process. The periods of heating, dwell and
cooling are demarcated.
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Figure 15: Scatter plot of ΔT of the sample against the duration of the process. The black
line shows the value of ΔT on the primary vertical axis. Points of interest: 1- Slow internal
conduction and lower temp on bottom surface; 2- Commencement of enhanced conduction
from tray; 3- Reduction in conduction lag; 4- Steady state; 5- Inflection point; 6- Effect of
slower heat removal from bottom surface. (All emissivity: 0.8; conductivity of sample: 0.2
W m-1 K-1; conductivity of tray: 18 W m-1 K-1; sample dimensions: 30mm x 30mm x
2.5mm; heating rate: 5oC/min)

The areas of interest marked on Figure 15 are elaborated below:
1. Due to the time taken for heat flux received through radiation to pass through the
sample by conduction and the reduced heat flux on the bottom surface of the
sample, the ΔT increased initially.
2. Heat conducted through the tray so that the surface of the tray in contact with the
sample attained enough temperature to surpass the temperature on the bottom of
the sample. The tray surface is now a conductive heat source for the bottom surface
of the sample. This reduced ΔT. However, the lag continues to be present during
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the heating phase. Heat received at the other surfaces on the sample also arrived at
the bottom of the sample, which also reduced ΔT.
3. As the heating rate reduced to zero at the end of the heating phase, the conduction
lag was compensated for and ΔT dropped slightly.
4. The sample approached a steady state temperature, evidenced by the low slope of
the curve in this stretch.
5. This is the inflection point where the temperature on the top surface of the sample
lowered beyond that of the bottom surface due to slower heat removal towards the
tray from the bottom surface. At this point, ΔT was at its lowest since the start of
the thermal treatment.
6. As a result of the lower rate of conductive heat removal, ΔT increased till the end
of the cooling phase until the cooling rate dropped to zero. From there on, the
sample gradually lost temperature.
These observations indicate that the conditions for radiation and conduction inside the
furnace tube system are capable of creating temperature variations in the sample. The
properties of interest may now be varied individually to visualize how they impact ΔT.
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3.2 Effect of Sample Geometry on ΔT.
Conductive Surface Area : Radiative Surface Area Ratio

)

Figure 16: ΔT graph for CSA:RSA ratio. The furnace temperature corresponding to the
time is show with the red line, plotted against the secondary abscissa. (All emissivity: 0.8;
conductivity of sample: 0.2 W m-1 K-1; conductivity of tray: 18 W m-1 K-1; sample volume:
2250mm3; heating rate: 5oC/min)

The ΔT graph for different values of CSA:RSA is given in Figure 16. The default
sample model has a CSA:RSA of 0.47. For the same volume, a flatter molding of the
sample gives a larger CSA:RSA ratio. The lower CSA:RSA ratio samples have an aspect
ratio greater than 1. Conductive heat flux was highly restricted in low CSA:RSA samples,
and therefore, the ΔT drop at the start of the dwell stage was more pronounced; there was
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a larger value of temperature that TMIN had to catch up with. A larger CSA translated to a
larger heat flux from the tray, which served as a heat buffer, reducing ΔT.

Average ΔT during heating step
16
14

ΔT (oC)

12
10
8
6
4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

CSA:RSA ratio
Figure 17: Plot of average ΔT of different CSA:RSA ratios during the heating step. Data
points obtained based on data shown in Figure 16.

Figure 17 plots average ΔT seen at different CSA:RSA ratios. It is observed that
ΔT decreased when CSA:RSA increased. At extremely high CSA:RSA values, a slight rise
in ΔT was observed. This is the case where conduction from the tray is much higher and
has a higher influence on the temperature of the sample. With a tray of low conductivity,
the conductive lag would be more pronounced. Subsequently, TMIN was consistently lower
during the heating and dwell stage. Figure 18 shows the average values of TMAX, TMIN and
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TAVG on the sample during the dwell stage, where a drop in TMIN at higher CSA:RSA is
observed. This explains the higher ΔT for higher CSA:RSA samples during dwell period
as seen in the ΔT plot in Figure 18.

Average peak dwell temperatures
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Figure 18: Average TMIN, TMAX and TAVG during dwell for different CSA:RSA ratios. Data
points obtained based on data shown in Figure 16.

For the specific model under discussion, it was seen that maintaining a CSA:RSA
close to 0.45 ensured both low ΔT throughout the process and a relatively high TMIN.
Overall, having a higher CSA:RSA was more important in helping to reduce ΔT.
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Volume & Aspect Ratio

)
Figure 19: ΔT plot for different sample aspect ratios. (All emissivity: 0.8; conductivity of
sample: 0.2 W m-1 K-1; conductivity of tray: 18 W m-1 K-1; CSA: 900mm2; heating rate:
5oC/min)

Figure 19 shows the plot of ΔT for sample at different ARs. 1:12 is the default
sample at 30mm base and 2.5mm height. 1:1 is the AR for a cube, and 1:300 is approaching
film dimensions at 0.1mm height. The average ΔT for 1:1 was significantly higher. At the
end of the heating stage, ΔT dropped to a stable value; high ΔT and subsequently high drop
at the end of the heating stage was the effect of having a heating rate that was too high for
the core of the sample to match up with. On the cooling stage, the effect carried over in the
form of slow heat removal from the core of the sample. In contrast, the effect of conductive
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lag was much less pronounced in the 1:12 and 1:300 samples where the rise in ΔT was
primarily due to the lower temperature of the tray.
The average ΔT across the heating stage against AR in the logarithmic scale is
plotted in Figure 20. The average of TMIN, TMAX and TAVG during dwell stage are shown in
Figure 21. Both these graphs indicate that lower ARs and thereby lower volumes tend to
experience lower ΔT. TMAX during dwell stage increased slightly with increased AR
because as the AR increased, the top surface of the sample was less impacted by the
presence of the tray, allowing it to settle at a higher temperature than a top surface that was
at a less distance from the tray.

Average ΔT during heating step
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Figure 20: Lin-log trend of average ΔT versus aspect ratio during heating step. Data points
obtained based on data shown in Figure 19.

47

Average peak dwell temperature
899
897

T (oC)

895
893
891
889
887
885
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Aspect Ratio
Avg

Max

Min

Figure 21: Average TMIN, TMAX and TAVG through dwell stage for different aspect ratios.
Data points obtained based on data shown in Figure 16.

Another finding from Figure 20 was that the drop in ΔT from 1:12 to 1:300 was
much lesser than the reduction in thickness of the sample between the two cases. In other
words, a 50% reduction in ΔT was brought about by decreasing the thickness to a 1/25th.
This may indicate that those effects that are linearly related to thickness such as elastic
strain may affect samples to a greater extent when they are closer to film thickness.
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3.3 Effect of Conductive Properties on ΔT
Thermal Conductivity of the Sample
Similar to the case of high volume or high aspect ratio, having a low thermal
conductivity reduced the ability of the sample to transmit heat to the center of the sample
quickly. At very low conductivities, the lag in internal conduction dominated to such an
extent that the thermal variation was largest vertically between surface and center rather
than being between the top and bottom surfaces. Figure 22 shows the sample quarter at the
end of the heating stage when the conductivity of the sample is taken as 0.002 W m-1 K-1.

Figure 22: ΔT pattern at the end of the heating stage for a sample quarter with a thermal
conductivity of 0.002 W m-1 K-1, showing minimum temperature in the core of the sample
rather than at the bottom surface.
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)
Figure 23: ΔT plot for different values of thermal conductivity for the sample. (All
emissivity: 0.8; conductivity of tray: 18 W m-1 K-1; sample dimensions: 30mm x 30mm x
2.5mm; heating rate: 5oC/min)

The ΔT graph of sample thermal conductivity is given in Figure 23. The impact of
low conductivity on ΔT was found to be high because it is possible to create such low
thermal conductivity inside the sample. At 0.002 W m-1 K-1, ΔT was highest between the
surfaces and points inside the sample that are farthest away from them. The peak ΔT of
approximately 81oC occurred at 52.6 minutes into the heating stage, where TF was close to
290oC. At that point of time, one region of the sample was at 274oC while another region
was only at 193oC. Similar to the case of high volume, the possibility of creating a drastic
thermal variation in the sample can exist even at lower temperatures, and more so if the
thermal conductivity of the sample is significantly low.
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Figure 24: Lin-log plot of average ΔT versus the thermal conductivity of the sample during
heating stage. Data points obtained based on data shown in Figure 23.

Figure 24 shows the average ΔT during heating for different values of sample
thermal conductivity. There was a sharp rise in ΔT for very low values of thermal
conductivity, which may apply to cases such as powdered or crushed samples heated in
vacuum [52,53]. It is also evident that high conductivity samples such as metals may not
be affected by ΔT because of the speed of conduction.
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Figure 25: Average TMIN, TMAX and TAVG during dwell stage for different values of thermal
conductivity for the sample. Data points obtained based on data shown in Figure 23.

Figure 25 shows the average values for minimum, maximum and average sample
temperature during the dwell stage. The graph clarified the low TMIN in the center of the
sample as an effect of insufficient conductivity. The spread of temperatures was also
minimized by higher conductivity. To generalize, it is when dealing with low conductivity
samples, especially in the form of powders or granules with discontinuities in the solid
form, where large ΔT may arise. A sufficiently slow healing rate can be chosen to counter
this.
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Thermal Conductivity of the Tray

)

Figure 26: ΔT plot for different values of thermal conductivity for the tray. (All emissivity:
0.8; conductivity of sample: 0.2 W m-1 K-1; sample dimensions: 30mm x 30mm x 2.5mm;
heating rate: 5oC/min)

Figure 27: Average ΔT versus thermal conductivity of the tray during the heating step.
Data points obtained based on data shown in Figure 26.
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As seen in Figure 27 depicting the average ΔT observed during the heating stage
for different values of thermal conductivity, the effect of tray conductivity contributed
lesser to the creation of ΔT than other parameters. Having a higher conductivity tray
reduced ΔT.

Figure 28: Average TMIN, TMAX and TAVG during dwell stage for different values of thermal
conductivity for the tray. Data points obtained based on data shown in Figure 26.

Figure 28 shows the impact of tray thermal conductivity on the average
temperatures on the sample across the dwell stage. Having a low conductivity tray resulted
in a larger spread of temperature by both raising TMAX and lowering TMIN. The buffer effect
of the tray was lower for very low values of conductivity for the tray, allowing the sample
to achieve higher TMAX in those cases. TMIN was low for a low conductivity tray because
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of the direct influence of low heat propagation in the tray. It can be deduced that having a
tray of high thermal conductivity can help reduce ΔT.
Having low thermal conductivity on the tray can caused high ΔT to sustain
throughout all stages of the heat treatment. This can be seen in the ΔT plot for various
values of tray thermal conductivity in Figure 26. The temperature on the bottom of the
sample lagged in both the heating and the cooling stages. During dwell, low conduction
speed from the tray resulted in low compensation of temperature at the bottom of the
sample, maintaining the ΔT without much drop.

Heating Rate of the Furnace
Table 5: Duration of stages for different heating rates.

Duration (min)
Heating rate (oC/min)

Heating

Dwell 1

Cooling

Dwell 2

2.5

350

60

350

190

5

175

60

175

190

10

87.5

60

87.5

190

20

43.75

60

43.75

190
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Figure 29: ΔT plots for different heating (or cooling) rates. Time axis is only representative
of the process and not a linear scale. (All emissivity: 0.8; conductivity of sample: 0.2 W m1 -1
K ; conductivity of tray: 18 W m-1 K-1; sample dimensions: 30mm x 30mm x 2.5mm)

Figure 29 shows the ΔT graph for various heating rates. The durations of the heating
and cooling stages were changed to bring about different heating rates, and these are listed
in Table 5. The dwell periods were kept unchanged as the objective was to isolate the
impact of heating rates. ΔT was generally found to be higher throughout the process for
higher heating rates. Although the heat flux varies, the speed of heat propagation by
internal conduction through the tray and the sample do not change, which is why the peaks
in the plot were at similar locations for different heating rates. The point of inflection was
seen to be occurring earlier at higher heating rates. This was because the top surface cooled
downs faster at higher heating rates because of relatively lower furnace temperature,
making the top surface match the temperature of the bottom surface faster during cooling.
Of additional interest with respect to the heating rate is the ΔTF, the difference
between the furnace temperature and the average temperature on the sample. The presence
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of a high ΔTF was mostly brought about by high heating rates unlike the other parameters
where TMAX is closer to TF. Here, TMAX, in addition to TAVG and TMIN, was much lower
than TF. Figure 30 illustrates the ΔTF plot for a heating rate of 20oC/min in yellow, along
with (TF-TMAX) and (TF-TMIN). Again, the time axis is only indicative of the stages and not
linear. Positive values on the ordinate indicate a furnace temperature higher than sample
temperature, which happens during heating stage. In cooling, sample temperature is higher
than furnace temperature, leading to negative values in the ordinate. This plot shows how
the effect of ΔTF warrants more attention than ΔT at high heating rates. At 20oC/min, while
ΔT peaked at 19.5oC, ΔTF approached a maximum of a much higher 122oC. When TF was
250oC during heating, the sample had a temperature pattern between 130oC to 146oC. The
minimum of ΔTF was achieved at the end of the cooling step, and then eventually rose to
0oC during the final dwell.

Figure 30: ΔTF plot along with (TF-TMAX) and (TF-TMIN) for a heating rate of 20oC/min.
Abscissa is only indicative and not linear. Negative values arise when the furnace
temperature is lower than the sample temperatures. (All emissivity: 0.8; conductivity of
sample: 0.2 W m-1 K-1; conductivity of tray: 18 W m-1 K-1; sample dimensions: 30mm x
30mm x 2.5mm)
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The time taken for the sample to achieve a ΔTF of zero from a temperature of TAVG
after cooling period ends can be used to roughly estimate a heating rate that will minimize
ΔTF in the sample. In this case, the sample took approximately 4500s to drop TAVG by
125oC for attaining room temperature. Therefore, a heating not higher than 1.667oC/min
may eliminate undesirably high ΔTF.

3.4 Effect of Radiative Properties on ΔT
Emissivity of the Tray

)

Figure 31: ΔT plots for different values of thermal emissivity of the tray. (All emissivity
except tray: 0.8; conductivity of sample: 0.2 W m-1 K-1; conductivity of tray: 18 W m-1 K1
; sample dimensions: 30mm x 30mm x 2.5mm; heating rate: 5oC/min)

The effect of emissivity in influencing ΔT is shown in Figure 31. It was observed
that a low emissivity resulted in very high ΔT. Consider the case of 0.05 tray emissivity.
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Due to less heat flux flowing into the tray, the conductive heat flux entering the sample
through its bottom surface was also low. The ΔT continued to rise sharply during heating
due to this. After a certain duration, the energy entering the sample through radiation was
able to contribute to heating the sample all the way till its bottom surface through internal
conduction, thereby lowering ΔT. The effect of the tray on the sample is reduced there on
till the end of the dwell period. At the start of the dwell stage, radiation entering the sample
enabled the bottom surface of the sample to catch up temperature, which was witnessed by
the drop in ΔT. The peak ΔT during cooling was lower than that of heating because the
thermal energy received by the tray was low. At any point of time in the cooling stage, the
average temperature on the tray was lower in the case of 0.05 emissivity than that in the
case of 0.8 emissivity, making the lower emissivity tray a diminished source of heating.
This kept the temperature on the bottom surface lower during cooling, reducing ΔT.
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Figure 32: Average ΔT on the sample during the heating stage for different values of
thermal emissivity of the tray. Data points obtained based on data shown in Figure 31.
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Figure 32 summarizes how ΔT is influence by the thermal conductivity of the tray.
Generally, higher emissivity resulted in low ΔT. However, at higher values of emissivity,
a slight rise in ΔT was observed. At very high emissivity, the tray contributed slightly more
in providing heat to the colder areas of the furnace tube. This reduced the heat flux entering
the bottom surface of the sample from the tray, subsequently lowering TMIN and raising ΔT
slightly. This effect is further visualized with the help of Figure 33, where the average
values of TMIN, TMAX and TAVG during the dwell step are plotted for different values of tray
emissivity. Higher emissivity of the tray diverted slightly more heat flux from the tray
towards radiative heat loss to the tube ends and away from conductive heat transfer to the
sample. In the case of very low emissivity, the internal conduction of heat received as
radiation on the surfaces of the sample dominated over the conductive heat received from
the tray on the bottom surface of the sample, and hence a lower spread of ΔT was seen.
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Figure 33: Average TMIN, TMAX and TAVG during dwell period versus emissivity of the tray.
Data points obtained based on data shown in Figure 31.
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View Factor of the Sample Surfaces

Figure 34: Flat and upright orientation of the sample without tray at the end of heating step.

Figure 34 shows how the upright orientation results in a greater surface area
experiencing lower radiant heat flux per unit area. TMIN was also lower when the body was
upright. Most importantly, the heat received across the limited surfaces with high view
factor had to travel a larger distance to propagate through the entire body by conduction.
The core of the sample was thus at a lower temperature compared to the surfaces when the
sample was kept upright. The core of the flat oriented sample, however, was almost at the
same temperature as the surfaces facing the cylindrical tube wall. When a tray is
introduced, and the sample was placed flat or upright on the tray, the vertical walls of the
tray acted as a source of radiation. Energy was re-emitted by the tray walls onto the sample
walls. Without the vertical walls of the tray, there was no significant source of radiation
that provided good view factor to the walls of the sample parallel to the flanges. This
prevented TMIN from being located on these walls when the sample is placed on a tray with
vertical walls, as opposed to when it was levitating without a tray.
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Δ

)

Figure 35: ΔT plots for flat and upright orientation of sample when both levitating and
placed on a tray. (All emissivity: 0.8; conductivity of sample: 0.2 W m-1 K-1; conductivity
of tray: 18 W m-1 K-1; sample volume: 2250mm3; heating rate: 5oC/min)

The ΔT graph comparing flat and upright samples both levitating and placed on a
tray are given in Figure 35. “Flat on tray” is the same plot of ΔT as the case shown in
Figure 15. It was seen that the average ΔT throughout the process was higher when the
sample was not on tray. The points of interest marked on Figure 35 are explained below:
1. When upright on the tray, heat entered the sample through the relatively low area
of the top surface. The delayed conduction from the tray at the bottom surface was
also restricted by surface area. Incoming heat had to conduct further to get to the
center of the sample. As a result, ΔT rose sharply during the early heating stage.
The same applied to the cooling stage, although a different set of initial conditions
applied here.
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2. A steady state was achieved only in the cases where the tray was present. Without
physical contact to the tube, heat was not lost from the sample through conduction
in order to provide energy to heat the colder zones of the tube. Hence, the
temperature on the colder regions of the sample could rise through the entire
duration of the dwell stage, reducing ΔT.
3. At the end of dwell stage, ΔT increased for the levitating sample. There was no
inflection point in these cases. This confirmed that the inflection arose due to the
presence of conductive lag induced by the tray as explained previously.

3.5 Generalized Findings from the Results
Through the parametric analysis of the simulated tube furnace heating procedure,
we have arrived at certain generalized findings. These are listed below:
a. View Factor
When view factor for surfaces on the sample are low, the radiative heat flux
through those surfaces is also low. ΔT is increased by large variations in the view
factor between surfaces. Sample surfaces facing the cylindrical walls of the furnace
tube have high view factor whereas those that are perpendicular to the long axis of
the tube have low view factor. By orienting the sample such that more surfaces have
low view factor per unit volume, radiative heat transfer is reduced. Hence, low view
factor, an obstruction to efficient radiative heat transfer, increases ΔT.
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b. Presence of Tray
In practice, the sample must rest on the tube or a tray due to the presence of
gravitational force, because of which there exists heat transfer in the sample through
conduction from an external source, ie, the tray or the tube. In addition to providing
conductive heat transfer to the sample, the walls of the tray also serve to re-emit
thermal energy as radiation and help reduce ΔT by providing a heat source which
exhibits high view factor on the side walls of the sample. Thus, by improving
radiation and conduction, ΔT is reduced.
c. CSA:RSA
When a tray is present, heat is conducted from it on to the bottom surface
of the sample. The thermal influence of the tray on the sample is more when the
CSA is larger. While having a low conductivity tray may bring down the
temperature on the sample, a larger CSA ensures that conduction occurs over a
larger area, thus stabilizing the temperature on the sample faster. A higher CSA
support conduction more than it inhibits radiation. As the net effect is to aid heat
transfer, higher CSA:RSA ratio decreases ΔT.
d. Volume
The heat received at the surfaces travel larger distances to heat up the entire
body when the aspect ratio is close to 1 (Further increase or decrease to the aspect
ratio reduces volume and represents an upright or flat structure respectively). Due
to larger volume, the temperature at the surface may vary vastly from the

64

temperature farthest from the surface. A large volume, or an aspect ratio close to 1,
thus slows down the internal conduction that is necessary to achieve uniform
temperature inside the sample, increasing ΔT.
e. Sample Conductivity
Thermal conductivity of the sample determines the rate at which heat
propagates through the sample. A low conductivity results in slow propagation,
which causes large deviations in temperature between surface and center. Low
thermal conductivity, an obstruction to heat flow, thus causes high ΔT.
f. Tray Conductivity
Having low thermal conductivity on the tray slows down heat flux entering
or leaving the sample through its bottom surface. The tray itself heats up or cools
down slower when its conductivity is low. On the contrary, a high conductivity tray
ensures good heat transfer to the sample, reducing ΔT.
g. Tray Emissivity
When the emissivity is low, the tray holds less thermal energy. Conductive
heat transfer from a low emissivity tray to the bottom surface of the sample is
subsequently diminished. Having lower heat flux through the bottom surface of the
sample is local hindrance to heat transfer. Therefore, lowering the emissivity of the
tray increases ΔT.
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h. Heating Rate
Heating rate is the speed at which the source temperature increases or
decreases. Because heat transfer is not an instantaneous phenomenon and that
conduction takes time based on thermal conductivity, area and gradient, having a
high heating rate prevents the sample surface from matching the temperature of the
furnace. Furthermore, a high heating rate also hampers the ability of the colder
regions of the sample to catch up with the hotter regions, increasing ΔT. High
heating rate is an obstruction to uniform heating or cooling.

3.6 Case Study – Comparison of ΔT in Two Scenarios
All the inferences mentioned above point to the possibility that effects obstructing
conductive or radiative heat transfer increase ΔT. No observations have been made where
more efficient heat transfer resulted in higher ΔT. The ΔT incurred in cases where
parametric values are chosen to obstruct heat transfer as well as aid heat transfer can be
demonstrated through simulation. Consider a scenario where a 30mm x 30mm x 30mm
cube sample of constant thermal properties is to undergo the same heat treatment procedure
followed in the previous simulations. Two sets of properties were selected – an “ΔT
encouraging” set where the inferences above were used to create obstruction to heat
transfer, and an “ΔT inhibiting” set where parameters were chosen so that heat transfer was
improved. The properties of the sample and the furnace were not altered in any way. Rather,
the tray and the heating rate were altered, as shown in Table 6. The values chosen for the
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tray in case 1 correspond to a material such as steatite with a polished low emissivity
coating, whereas that of case 2 is similar to a material such as graphite.

Table 6: Parameters chosen for a simulation comparing two sets of properties affecting
ΔT as per the hypothesis.
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Figure 36: ΔT plot during heating and dwell stages for the “ΔT encouraging” and the “ΔT
inhibiting” set of properties according to the hypothesis. (All emissivity except tray: 0.8;
conductivity of sample: 0.2 W m-1 K-1; sample dimensions: 30mm x 30mm x 30mm)
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Case 2

Figure 37: Comparison of temperature profiles on the quarter of the sample and tray at the
end of the heating stage for the two scenarios.

The plots of ΔT during the heating stage and the dwell period for the two sets of
properties are shown in Figure 36. The temperature mapping on the quarter of the sample
and the tray during the end of the heating stage for both scenarios are shown in Figure 37.
The set of properties which the hypothesis claims to increase temperature differences on
the sample caused the ΔT during heating to average 128.7oC, reaching a peak ΔT of
229.2oC. The improved set of properties, which help reduce ΔT according to the
hypothesis, resulted in an average ΔT of only 7.2oC during heating, and did not cross a
peak value of 8.4oC. It is apparent that a combination of ΔT increasing parameters can yield
larger ΔT than what a single parameter can cause on its own.

3.7 Fate of the Hypothesis and the Influence of Parameters
With the help of the inferences obtained from the parametric analysis and further
exemplification, the hypothesis presented in this thesis as:
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When a specimen undergoes heat treatment in a tube furnace under vacuum, the
magnitude of temperature difference inside the specimen increases when conductive,
radiative or geometric properties obstruct heat transfer,
has been found to be valid. The effect of the parameters presented herein are summarized
in Table 7.

Table 7: Summary of the effect of parameters in decreasing ΔT.
Parameter

Condition for low ΔT

Influence (qualitative)

View factor

Increase

Medium

CSA:RSA

Increase

Medium

Volume

Decrease

High

Aspect Ratio

Decrease

High

Sample thermal conductivity

Increase

High

Tray thermal conductivity

Increase

Low

Tray thermal emissivity

Increase

Medium

Heating rate

Decrease

High
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CHAPTER FOUR:
CONCLUSION

4.1 Contribution and Summary
This thesis contributes to the scientific community by characterizing of the role of
conductive, radiative and geometric factors in creating thermal differences on a sample
heat treated in a tube furnace under vacuum.
The role of conduction and radiation in increasing or decreasing ΔT during the heat
treatment of a sample in a tube furnace under vacuum have thus been discussed. The results
obtained in this study give credit to the proposed hypothesis; it has been theoretically
shown that parameters whose values are chosen such that radiative or conductive heat
transfer is obstructed tend to cause temperature differences of larger magnitude in the
sample undergoing heating or cooling than those selected to improve the flow of thermal
energy. Conduction and radiation both play vital roles in deciding heat flux through a
sample at any point in a thermal process. The criticality of each parameter varies depending
on the arrangement, geometry and material properties of the entities in the furnace. Larger
ΔT may more prominent in samples which exhibit low thermal conductivity. The properties
of the tray can cause large disturbance in the flow of energy to and from the sample, and
thus should not be overlooked in designing experiments. Heating rates should be selected
such that they are accommodative of the limitations of the material of the sample. The
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geometry can also be manipulated wherever possible so that the tolerance of temperature
range in a sample can be reduced.
When studying experiments conducted using a tube furnace, it may be prudent to
consider all these factors if replication of the experiments is intended. For example, change
in the tray between one experiment and another may create a ΔT sufficiently large to alter
the final properties on the sample product. It may also be important to assess whether the
temperature reported by the thermocouple on the furnace accurately represents the
temperature on the sample.
Radiation as well as conduction play vital roles in deciding the path and rate of
heating propagation in a vacuum tube furnace. The use of computational models to
simulate the expectable temperature pattern may be considered a sound practice in the
design of thermal experiments.

4.2 Future Work
There are multiple avenues to explore further into temperature variations brought
about in electric furnace operations:
1. Multiphysics simulations can couple the effect of heat patterns with that of other
disciplines of interest such as structural stress or mass transfer. The thermal loads
obtained in this simulation can be imported to simulations involving these other
disciplines. While the heating procedure and the initial material properties
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employed in this study were similar to the case of the pyrolysis of a carbon
precursor, an actual simulation of carbonization should include evolving material
properties, mass transfer and deformation. The model discussed in this study is thus
indicative only of heat propagation and can be a foundation for expansion into other
domains of heat induced effects.
2. The effect of having gas flow inside the furnace introduces convective heat transfer
inside the system. The role that convection plays alongside conduction and
radiation requires attention as these processes are not restricted to being performed
in a vacuum environment.
3. The effect on non-homogeneous samples are also of interest. In many cases, the
sample is in powdered or crushed form. This creates discontinuity in the solid
structure of the sample, and the spaces in between change the way heat propagates
through the sample.
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